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I. INTRODUCTION
1,2,4-triazole (1H124T, Fig. 1 ) is an historically important heterocyclic compound with diverse biological properties; thus derivatives occur in various commercial products, including antiviral, antibacterial, antifungal, herbicidal, hypnotic, and antiasthmatic drugs. 1 Recently, its high binding affinity for various cytochrome P450 proteins has led to use in positron emission tomography to target aromatase, an important enzyme in human tumors 2 and other living matter. Spectroscopic study of the ground and excited electronic state structures for 1,2,4-triazoles are few, especially in the vacuum ultraviolet (VUV) and ionization energy regions. 1H124T shows low vapor pressure for gaseous spectroscopic analysis at ambient temperature under synchrotron conditions; Nmethylation to the molecule to 1Me124T (Fig. 1) increases the volatility markedly and has enabled us to obtain the VUV spectrum. Recently we demonstrated the synergistic value of VUV absorption spectroscopy and ultraviolet photoelectron spectroscopy (UPS) 3 for the related compound 2H-1,2,3-triazole (2H123T). The interconnection of UPS with VUV photoabsorption spectra arises through Rydberg states. The vibrational pattern ("footprint") in the UPS is expected to be a) Telephone present in Rydberg states in the VUV spectrum; since the excited electron becomes distant from the nuclei, its potential is similar to that for ionization. Hence these footprints are critical in locating Rydberg states in VUV spectra. A number of ionic and singlet excited electronic states have been identified, and their equilibrium structures investigated computationally. We will see that non-planar skeletal twisting occurs for several of the low energy ionized and excited states.
We have re-determined the UPS spectra of 1H124T and 1Me124T under much higher resolution than previous studies, which were focused on the position of the tautomeric 1H versus 4H atoms (Fig. 1) . 4 These new spectra have enabled adiabatic ionization energies (IE A ) and Rydberg absorption band origins to be determined. The study of molecular Rydberg states occupies an important place in molecular spectroscopy, [5] [6] [7] and comprehensive accounts of their properties, particularly for low-lying Rydberg states with principal quantum number n < 20, have been given. [8] [9] [10] [11] Furthermore, electronic excitations and Rydberg states of molecules are fundamental to many molecular properties and remain active areas of research for experimentalists and theoreticians. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The Rydberg states have term values given by
where IE is the ionization energy, E n is the n-th energy level, R is the Rydberg constant, and δ is the quantum defect. 1Me124T is a suitable derivative to study the intrinsic properties of the 1H124T system since microwave spectroscopy (MW), [22] [23] [24] electron diffraction (ED), 25 and UPS investigations 4 identified only the 1H-tautomer in the gas phase. Equilibrium structures for the pair of 124T tautomers at the configuration interaction (CI) level 26 lead to the same conclusion.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experimental
1Me124T was prepared from 1H124T (Sigma-Aldrich) by methylation using iodomethane. The photoabsorption spectrum of 1Me124T was taken using the UV1 beamline on the ASTRID storage ring at Aarhus University, Denmark, as described previously. 3 The gas cell and the sample container were held at 30
• C during measurements. The He I and He II UPS for 1H124T and 1Me124T, recorded with an instrument and methods described previously, 3, [28] [29] [30] had significantly higher resolution than in previous studies.
4 1H124T sublimed at 25
• C-31 • C; 1Me124T was introduced into the vacuum system at ambient temperature from a Young's tube via a needle valve. Both samples showed evidence of water contamination (12.62 eV), which was subtracted from the spectral data for clarity. Further details of the sample characterization and these two spectroscopies are given in the supplemental material.
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B. Computational details
Ab initio calculations were performed with the GAMESS-UK, 31 GAUSSIAN-09, 32 and MOLPRO 33, 34 suites of programs. The main vertical excitation study of the VUV spectrum of 1Me124T used the multi-reference multi-root doubles and singles method (MRD-CI) as discussed below; the cc-pVTZ basis set 35 containing C,N(10s5p2d1f) and H(5s,3p2d1f) Most excited state structures were determined with a TZVP basis set of atomic orbitals, C,N(11s6p1d) contracted to C,N(5s3p1d) 37 since this allows additional flexibility in the valence space when compared with cc-pVTZ through more valence and fewer polarization functions. The methodology used was restricted open shell Hartree-Fock (ROHF) together with singles + doubles CI (SDCI). Techniques for determining the individual structures are described in the supplemental material. 27 Plotting and fitting of the present data used ORIGIN 8, 38 GNUPLOT, 39 and Visual Molecular Dynamics (VMD). 40 
Multi-reference multi-root configuration interaction calculations
The main VUV study was performed with a version of the MRD-CI [41] [42] [43] module embedded in the GAMESS-UK code; 31 this includes f-orbital and f-electronic state capability. The calculations were performed at the correspondingX 1 A 1 ground state equilibrium geometry, and the 32 valence electrons, together with the lowest 170 virtual orbitals were active. For simplicity in the discussion of Rydberg states, we denote p X , d XZ , and f XXX states as X, XZ, XXX etc., while XX etc. is used instead of X 2 . The procedure is described in greater detail in Ref. 3 . The theoretical oscillator strengths f(r) usually enable differentiation between valence and Rydberg states, for which values of f(r) are typically 10 −1 -10 −2 and 10 −2 -10 −6 , respectively. In the present study with 1Me124T, the oscillator strengths were determined from CI wavefunctions within the MRD-CI module. [41] [42] [43] 
III. COMPUTATIONAL RESULTS FOR THE NEUTRAL MOLECULES AND LOWEST POSITIVE ION STATES
A. The molecular structures of 1H124T and 1Me124T in their ground, singlet excited, and cationic states 1. Ground state structure comparison with experiment Experimental gas phase MW [22] [23] [24] and ED studies 25 for 1H124T have been reported, but with both studies there are insufficient data for independent determination of all structural parameters. Some of the tentative MW structural results [22] [23] [24] were based upon related compounds. The ED study 25 is problematic because of the difficulty in obtaining unique results for a molecule with four CN bond distances of similar magnitude. However, the rotational constants (A,B,C) for 1H124T are unambiguous at A = 10.245, B = 9.832, and C = 5.015 GHz, respectively; 24 the present SDCI optimized structure (Fig. 2) gives A = 10.477, B = 10.065, and C = 5.133 GHz, about 2% larger than experiment. The ccpVTZ self-consistent field (SCF) equilibrium structure gives even larger values of A = 10.553, B = 10.232, and C = 5.195 GHz, respectively. The experimental dipole moment (DM) (μ = 2.7 D) 24 is also smaller than both the present SDCI value μ = 3.07 D and cc-pVTZ value μ = 3.12 D. The structural parameters for the SDCI optimized study are relatively close to those suggested from the MW study 24 (Fig. 2) ; the internal ring angles are typical, with the sequence of magnitudes
Both the experimental [22] [23] [24] [25] and theoretical ( Fig. 2) bond distances reflect the classical representation of alternating single and double bonds. In the -N 2 = C 3 -N 4 = C 5 -N 1 -ring unit, the N 2 C 3 and N 4 C 5 bonds are short. For the present purposes, these calculated values are sufficiently close to experiment, and we will concentrate upon the (larger) calculated differences with electronic states below.
The conformation of the methyl group in 1Me124T, studied by variation of the torsion angle H 1 C 1 N 1 N 2 (θ ), shows that the lowest energy conformer has θ = 180 o , and this is used for study of the vertical ionization. The calculated internal rotation barrier is 236 cm −1 . The MW determined barriers for N-methyl-derivatives of pyrrole and pyrazole are somewhat lower (54 and 44 cm −1 , respectively). 44 There is no gas phase experimental structural material for 1Me124T, but crystal structures of several substituted versions of 1Me124T are known, 45 in which the methyl group also shows H 1 C 1 N 1 N 2 = 180 o .
Excited electronic state structures
The classical ground state representation of the ring unit with short N 2 C 3 and N 4 C 5 bonds mentioned previously does not occur for several excited electronic and ionic states for 1Me124T. Several excited states are non-planar (1 2 A to 3 2 A), as is the second ionic state (1 2 A, notionally 2 2 A ), and in these cases internal rotation of the methyl group is also observed. A series of planar and non-planar equilibrium structures for each type is shown in the supplemental material 27 (Figs. S1-S4).
It proved impossible to generate a non-planar version of the lowest vertical state 1 1 A . This state seems properly represented by the planar 18a 5a structure in Fig. S3 . However, non-planar structures were found as minima on the potential energy surfaces for other excited states. Owing to the difficulty in obtaining comparable ground state energies for the optimized non-planar open shell singlet states, a feature of the very different levels of electron correlation, the following excitation energies (EE) are relative energies. The excitations are best described by their unique structural features and the dipole moments, which vary considerably. In most cases studied, the methyl group rotates from the ground state (C S ) such that one H atom (H A ) is pointing nearly perpendicular to the mean triazole plane.
The lowest energy non-planar singlet state 1 1 A structure (structure A, Fig. S4 1 A (4a 5a ) and 2 1 A (3a 5a ) states are a coupled pair, and hence behave as a pseudo degenerate system; this will be significant for the discussion of the complexity of the 6-7 eV region of the VUV spectrum. The principal densities in 1 1 A and 2 1 A are relatively close to those of the 1 1 A and 2 1 A states. This makes it convenient to retain the C S symmetry designations in later discussions.
Cationic state structures
The ionic states in the supplemental material 27 show similar effects. The distinct character of 1 2 A and 2 2 A states is obvious; lengthening of a bond in one cation, leads to shortening for the other cation at both the ROHF and SDCI levels (Figs. S1 and S2). When deviations from planarity are considered, the effects of the 1 2 A change to 1 2 A are relatively small, with a maximum twisting of the H 1 C 1 N 1 C 5 dihedral angle by 3.7 o (Fig. S2 ). Comparison of 2 2 A to 2 2 A shows much larger deviations from planarity, with the N 2 C 3 N 4 C 5 dihedral angle twisted by 12.3 o . In addition, C 3 and C 5 move to one side of the mean plane of the ring while N 2 and N 4 move to the other side. However, the 1 2 A and 2 2 A wavefunctions clearly show the predominant A nature of both these states.
B. Calculated ionic state energies of 1H124T
and 1Me124T in relation to the UPS spectra
Relative energy considerations
Initial equilibrium ionic structure studies of 1Me124T showed that 2 2 A and 1 2 A (3a −1 and 4a −1 ) have a small energy difference varying from 0.41 eV (B3LYP) to 0.44 eV (ROHF) to 0.51 eV (SDCI). When the structures were allowed to become non-planar (C 1 ), a very similar SDCI energy difference (0.41 eV) was obtained for the corresponding 2 2 A and 1 2 A states, but the structures of these cations, shown in the supplemental material 27 (Figs. S1 and S2), are significantly different. 1 2 A is effectively indistinguishable from 1 2 A ; 2 2 A is significantly non-planar, but still shows a relatively close relationship to 2 2 A . It is convenient to refer to these two states as 1 2 A and 2 2 A , ignoring the non-planarity of 2 2 A . In this representation the four lowest ionic states consist of two π -ionizations (1 2 A and 2 2 A ) and two σ -ionizations (1 2 A and 2 2 A ), as have been discussed previously for 1H124T. 46 The most important MOs in the theoretical study of 1Me124T are shown in the supplemental material 27 ( Fig. S5 ).
Frequencies
The lowest calculated anharmonic vibrational frequency for 1Me124T, using the B3LYP method, is 82 cm −1 , a value consistent with the methyl torsional mode in N-methylpyrrole (54 cm −1 ). 44 Unfortunately, we are unable to calculate anharmonic vibration frequencies at the SDCI level, although the restricted active space self-consistent field (RASSCF) method of MOLCAS allows a limited CI approach. We developed a correlation between our harmonic and anharmonic frequencies where both sets are available for the 1 2 A and 1 2 A cations at the ROHF level; this allows us to convert our harmonic frequencies into "anharmonic" frequencies. The frequencies were found to exhibit a close linear correlation:
, with a correlation coefficient R 2 = 0.999. We ignore the intercept, and the "anharmonic" frequencies below have been obtained by scaling the harmonic frequencies by 0.969.
The intensities of the UPS ionizations, discussed below, are related to the dipole moment operator between the neutral and positive ion electronic states and the overlap integral between the vibrational levels. Here, we perform a superposition of the calculated ionic state frequencies and intensities onto the UPS Band 1 moiety. An example of the success of this procedure is shown in the supplemental material 27 ( Fig. S7 ) for the UPS Band 1 of the furan molecule.
IV. UPS RESULTS
A. UPS assignments for the 1H124T and 1Me124T full valence region
The experimental photoelectron spectra are shown in Fig. 3 and illustrate our theoretical study using the TammDancoff approximation (TDA) in comparison to the experimental spectra. 47 This computational method has the widest energy range with intensities available to us, and includes "shake-up state" solutions. Various experimental and computational determinations of the adiabatic and vertical ionization energies are collected in Table I . Some of these UPS results confirm early studies for both 1H124T 47 and 1Me124T. 4 The lowest cationic state is 1 2 A for both molecules. Comparison of the UPS (Fig. 3) shows that the two spectra are very similar up to 12 eV as expected. 48 For 1H124T this consists of ionizations 1 2 Table I ). The additional band near 14.5 eV for 1Me124T contains methyl group ionization (3  2 A  and 3 2 A ), with the remaining two peaks in the 15-16 eV region being 4 2 A , 5 2 A , and 4 2 A . The TDA calculations suggest that all MOs up to ∼18 eV give ionic states dominated by one-electron processes. Above this energy, the splitting of density into several ionic states is visible (Fig. 3) . Some examples are noted in the supplemental material 27 ( Table S1 ). 
B. Vibrational structure in the UPS spectra for 1H124T and 1Me124T
The first ionization bands (Fig. 4) show a complex envelope where the low-energy side (leading edge) consists of a series of maxima on a rising background; these are detailed in the supplemental material 27 (Table S2 ). This vibrational structure is superimposed on a broad background peak at the highenergy end, which is most evident in the spectrum of 1H124T (Fig. 4(a) ). Each spectrum shows a low intensity 0-0 band (IE A ), giving the adiabatic IE A 1 as 9.99 (1H124T) and 9.57 eV (1Me124T), respectively. The peak widths are equivalent to the spectrometer resolution. The separation of the subsequent maxima decreases, in 1Me124T (Fig. 4(b) ) from 0.15 eV (at 9.71 eV) to 0.11 eV (at 10.59 eV). The peak width increase with increasing energy; for 1Me124T the second maximum (9.71 eV) is broader than the first, while the third maximum (9.85 eV) is nearly double in width compared with the other bands, and the fourth maximum also shows a subsidiary peak. This structure suggests a complex manifold of overlapping vibrational progressions, and this is further indicated by the frequencies obtained from the deconvolution in Sec. IV C. The high energy sides (trailing edges) of both 1H124T and 1Me124T show no discernable fine structure at this resolution. 
C. Deconvolution of the ionization bands of 1H124T and 1Me124T
The three ionizations (two A and one A ) which occur under the first ionization band for each molecule (Fig. 4) were modelled using a combination of two series of evenly spaced Gaussian functions with Poisson distributed weights, 49 and a further Gaussian which represents the broad trailing edge structure; all of these were superimposed on a linearly increasing background. The most general fitting function of the intensity I(E) as a function of energy E min ≤ E ≤ E max that we   FIG. 4 . Expansion of Band 1 of the UPS spectrum of (a) 1H124T and (b) 1Me124T with the superimposed model "fit"(black line) as described in the text.
used is given by
where k labels the series and v (= 0,1,2,. . . ,9) is the vibrational quantum number. For series k = 1 and k = 2, I k is the intensity, S k is the dimensionless Huang-Rhys factor, E k is the apparent adiabatic ionization energy for the state, E k is the vibrational energy spacing (assuming a harmonic oscillator and a single vibrational mode progression for each state), and w k is a width parameter (assumed equal for each value of v). Note that the k = 0 "series" represents the linearly increasing baseline. No vibrational structure is being included in the k = 3 "series," this being characterized only by the intensity I 3 , vertical ionization energy E 3 , and width parameter w 3 . Figure 4 shows the experimental UPS data and the fitted functions of 1H124T and 1Me124T based on Eq. (2); the complete numerical "fit" parameters are given in Table S3 in the supplemental material, 27 as is a similar analysis of the second ionization band in the region near 12 eV. The fitted E k values, listed in Table I , are the adiabatic ionization energies to each different electronic state in this model. The uncertainties shown in parentheses on these energies in Table I represent the variability of the least squares fit model and are not the accuracy of the derived adiabatic ionization energies. For both compounds, these three IE are assigned to 1 2 A (π ), 2 2 A (π ), and 1 2 A (σ ) ionizations, bearing in mind that the structural distortion calculated for the IE either of the ions, from any of the SDCI, ROHF, or B3LYP methodologies. This strongly suggests that the "fitted" values obtained from the observed spectra, arise from the convolution of several vibrational frequencies in each case.
To further investigate this aspect, we have examined the superposition of calculated ionic state fundamental vibrations on the Band 1 intensity profile similar to the study of furan 50 mentioned previously. Superposition of the calculated frequencies together with intensities for each of the two lowest electronic cationic states (separated in energy according to the SDCI calculations) accounts well for the broadening of the second and third peaks above the ionization onset due to overlap of several vibrational states (supplemental material 27 Fig . S8 ). The uncertainty increases with higher vibrational quanta, and attempts to generate an envelope from the "stick" diagram intensities to match further details of the experimental spectrum were unproductive.
V. UV+VUV PHOTOABSORPTION SPECTRUM OF 1Me124T
The full VUV spectrum with superimposed calculated valence and Rydberg states are shown in Figs Tables II and III , respectively. Because of the complexity of the UPS Band 1 structure (Fig. 4(b) ), the search for Rydberg states requires analysis of the VUV spectrum in considerable detail, as presented in Sec. IV above. Furthermore, the calculated intensities for some of the low lying Rydberg states (Table III) , such as the S, X, and Y states, suggest that these will be very weak, and difficult to identify in the experimental spectrum.
A. The energy region up to 7.2 eV
The experimental VUV photoabsorption spectrum of 1Me124T (see Fig. 7 ) shows an initial onset near 5.75 eV rising to about 6.3 eV, where the VUV becomes an undulating plateau with shallow maxima up to 7.15 eV. Table II lists the vertical singlet excited states expected in this region. Two LP N π * states are calculated at 5.94 eV and 7.12 eV and two ππ* states calculated at 6.67 eV and 6.79 eV, leading to the calculated sequence of vertical singlet excited states as 1 1 A < 1 2 A < 2 2 A < 2 2 A . These states correspond primarily to excitation from the four highest occupied orbitals of the molecule to the lowest unoccupied π * orbital (5a , Fig. S5) ; this is shown by the leading terms in Table II . The energies 1-methyl-1,2,4-triazole; vertical excitation energies (eV),  oscillator strengths, and second moments (a.u.). a,b, of these states are depicted by the bars overlaid on the experimental spectrum in Fig. 5 . The two ππ* states, shown by the blue bars between 6.5 and 7 eV in Fig. 5 , are the coupled pair of states discussed in Sec. III A 3, which behave as the pseudo degenerate pair 1 1 A (4a 5a −3a 5a ) and 2 1 A (3a 5a +4a 5a ). Since the latter undergoes distortion to a significantly non-planar structure (1 1 A, in Fig. S4 ), the splitting of these two states is likely to be greater than that depicted for the vertical states shown in Fig. 5 ; further, the coupling may also cause the excitations to the two states to have more similar band intensities and shapes. The corresponding LP N excitations also occur in linear combinations, 17a 5a + 18a 6a and 18a 6a -17a 5a (Table III) . However, there is a fundamental difference between these two states, since the latter is calculated to have zero oscillator strength, the result of a cancellation of terms in the transition dipole terms of the MOs.
A model of the VUV spectrum in this region, based on these considerations, is shown by the colored lines overlaid on the experimental spectrum in Fig. 7 . The coupled ππ* absorptions are represented by the two green bands constrained to have equal intensity and shape. The low-energy LP N π * transition is represented by the purple band; the lower intensity and absence of well resolved fine structure on the leading edge of the onset, is consistent with the lowest singlet state being largely an LP N4 π * (18a 5a ) valence excitation. The red narrow peaks (Fig. 7) also have been constrained to have equal areas; this avoids more variable parameters in the fit than justified by the data. There may be a further member of this progression around 6.8-6.85 eV, but the intensity is too low to be included in the "fit" functions. Adjacent red peaks have separations of 970 cm −1 and 1028 cm −1 .
These separations are marginally smaller than that of the UPS Band 1 (Fig. 4(b) ), where the first vibrational 0-0 and 0-1 pair are separated by 1200 cm −1 . Hence, the bands shown in red (Fig. 7) are unlikely to arise from the 4a 3s Rydberg state. A more acceptable interpretation for the red peaks above 6.97 eV in Fig. 7 is that these arise from the second LP N2 π * state (Table III) ; the vibrational separation contrasts with that for the LP N4 π * state by having well resolved vibrational structure, as discussed below.
In the model depicted in Fig. 7 , the raw data (black dots) are almost completely obscured by the fit (blue line) throughout this region. Because of the overlap of excitations in this region, other models could also account well for the total absorption intensity. The exact energies and shapes of the individual bands in Fig. 7 are uncertain, but the quality of the fit shows the consistency between the data and the number and character of the calculated excitations in this region. Further analysis shows a very low intensity oscillatory pattern with E(0) = 6.669(1) and vibrational frequency ( E) = 0.012 (1) eV. This vibrational frequency is consistent with values from torsional modes of a valence state; the lowest anharmonic frequency for the preferred conformer of 1Me124T is 82 cm −1 , corresponding to an out-of-plane (A ) bending mode and suggestive of non-planar structures for the excited states.
B. The intermediate region from 7.2 to 9.2 eV
There is marked VUV intensity between 7.2 and 8.2 eV. Overlay of the first UPS band on the VUV spectrum in Fig. 8 appears to show a Rydberg state at 7.31 eV (v = 0 band), while the second VUV peak at 7.46 eV is identified with the v = 1 UPS vibrational level. This separation of 0.15 eV confirms these bands as the lowest assignable Rydberg state, where the 4a 3p state has δ = 0.55, a fairly typical value. However, the second UPS vibrational level (v = 2), marked by an arrow on Fig. 8 , appears to be missing from the VUV spectrum. This observation can best be explained by an underlying (broad) valence state occurring near 7.5 eV, raising the baseline with loss of this second vibrational peak. Indeed, a   FIG. 8 . Overlay of the UPS Band 1 spectrum (red) onto the VUV spectrum of 1Me124T (black) to align the 7.31 eV region. The arrow points to the major v = 2 vibrational level in the UPS Band 1, which is apparently missing in the VUV spectrum.
group of five calculated valence states, including the strongest value for the spectrum, lies in the region 7.6 -8.0 eV, and it is reasonable to assign one or more of these as overwhelming the v = 2 member.
The strongest peak in the spectrum is at 7.77 eV (Fig. 8) , with a double peak at 7.89 and 7.92 eV. The first at 7.77 eV suggests a further Rydberg state origin. If the state is related to IE 1 at 9.58 eV, the apparent δ is 0.258 which seems too high for a 3d state, and too low for a 3p state. However, if the band origin is related to IE 2 , using the present deconvoluted value of 9.89 eV, we can attribute this to a 3p state with δ = 0.466; the slightly smaller vibrational frequency for IE A 2 in the fit of Band 1 of the UPS, suggests that the line at 7.89 eV is a vibrational satellite.
Similar considerations have been applied to the remaining spectrum. The strongest calculated valence states (7.96 and 9.33 eV) must correlate with the other VUV peaks observed between 7 and 10 eV. The four calculated ππ* electronic states with strongest intensity are all coupled and in each leading configuration, both 3a and 4a are prominent (Table III) . This seems a further manifestation of an apparent near degeneracy of this pair of occupied MOs. Thus the calculated valence state at 7.96 eV is the ππ* state with leading configuration 4a 6a -3a 5a . No obvious assignments of this and other valence states to the present VUV spectrum are apparent.
Although some of the features starting at 8.10 eV could be related to the lower VUV assignment at 7.31 eV, it seems more probable that the continuing oscillations in cross section up to 9.3 eV represent additional Rydberg states. Overlay of the VUV region between 8.1 and 9.3 eV with Band 1 of the UPS (Fig. 9) shows a considerable number of coincidences, broadening in the VUV third maximum, and some broadening in the VUV 8.3-8.4 eV maximum (Fig. 9) . The overlay shown, whilst clearly not unique, does give good coincidences for several of the bands, but we conclude that the set of VUV maxima in Fig. 9 between 8.1 and 9.3 eV cannot be a single progression. A comparison between the UPS and VUV spectra is simpler when the intrinsic slopes are removed from the two spectra to make the axes parallel; this allows a more FIG. 9 . Overlay of the UPS Band 1 spectrum (red) onto the VUV spectrum of 1Me124T (black) for the 8.0-9.3 eV region after flattening the UPS baseline, and overlay of the UPS Band 2 spectrum (blue) onto the VUV spectrum 9.4-10.0 eV region. complete overlay the UPS and VUV spectra. There is no exact match starting at either ends or the middle, since there are 11 VUV local maxima in the region of 8.10-9.34 eV, two more than in Band 1 of the UPS spectrum. Of course, some of this difference between the two techniques may arise from the potential curves of the excited states being shifted differently in each case. In this way, although many frequencies are largely preserved, the shifts are not identical. The present interpretation implies an IE 1 4s Rydberg state with origin at 8.10 eV, while the residual peaks and shoulders starting at 8.38 eV are attributed to the corresponding IE 2 4s state.
Further analysis of this region by a higher resolution technique such as multi-photon ionization (MPI) would be desirable; however, informal advice from practitioners of MPI is that the present IE 1 and IE 2 ionization energies could make this process difficult to achieve experimentally, especially in relation to both overlapping bands and lifetime issues.
C. The region above 9.3 eV
The VUV spectrum shows weak fine structure continuing up to 11 eV, but generally, the spectrum declines in intensity with an undulating character, leading to a minimum just short of IE 1 and IE 2 . The well-resolved group of peaks with apparent 0-0 band at 9.45 eV (Fig. 9) relates to Band 2 (IE 4 ) of the UPS (Fig. S6) . The 17a 3p-Rydberg state, with δ = 0.50, a fairly typical 3p value, can be assigned to this VUV band. Interestingly, the relative intensities of the VUV and UPS spectra for this VUV energy range are opposite to those at lower VUV/UPS energy.
VI. DISCUSSION
A. The UPS results
The first band for each of these spectra (Fig. 4) is deceptively simple, where we find a declining separation of apparent vibrational peaks. When Band 1 of each molecule is analyzed in terms of the three ionizations thought to underlie the envelope, the fits obtained give apparent vibration frequencies of 1095 and 899 cm −1 (1H124T) and 985 and 937 cm −1 (1Me124T). The magnitudes of these fundamentals are similar to those found in pyrrole where they were assigned to skeletal stretching modes. 47 However, although the "fits" are relatively good, the variation in widths of individual peaks indicate that there are more than two vibrations in this band for each molecule. The four frequencies above are merely composites of several vibrational bands in each case, and the declining vibrational separations are explained on this basis. The UPS band shapes of both IE 3 and IE 4 are close to typical skewed Gaussians, and hence have very low 0-0 bands. This shape is often found in LP N ionizations in the UPS of azines and azoles. [51] [52] [53] [54] B. The VUV spectrum and valence states of 1Me124T
The 1-methyl-derivative of 124T proved a suitable alternative to 1H124T that avoided any question of tautomeric composition, and with good vapor pressure gave the first VUV spectral study of a member of the 124T ring system. It disclosed a very complex profile, whose analysis was aided by experimental UPS spectra and electronic structure computations. Although much higher resolution is required for a complete analysis of both the UPS and VUV spectra, the present resolution is sufficient for interpretation of the main features. The present calculated valence states suggest that the lowest excited states all occupy the LUMO (5a ). The onset of UV absorption which is rather weak, indicating that the first excited state (1 1 A ) is an LP N4 excitation. This is followed by two rather stronger ππ* states, and the second LP N2 excitation. The calculations suggest that all of the πσ * and σ π* states are very weak. Comparison with the excited states of 2H123T, 3 which also has two lone-pair orbitals, shows that the energy ranges are similar. In the 2H123T case, the lowest excited state is also an LP N π * state, the LP − N antisymmetric lone-pair combination (1 1 A 2 ). Whereas 2H123T shows four ππ* states with high oscillator strengths, all calculated to lie between 8.2 and 9 eV, 1Me124T shows much weaker ππ* states, with apparently only two ππ* states at 8.0 (4a 6a -3a 5a ) and 9.3 eV (3a 6a + 4a 7a ) contributing significantly to the intensity.
C. The Rydberg states of 1Me124T
The calculated energies of the Rydberg states (Table IV) suggest that a considerable density of states occurs in the region between 8 and 10 eV, making detailed assignment of this region of the VUV spectrum difficult. A small shift by 0.227 eV of the calculated set of Rydberg states (Table IV) based on the IE 1 and IE 2 excitations is sufficient to align with the first experimental Rydberg state (Fig. 7) . When taken together with the valence states (Fig. 6) , this demonstrates that much of the intensity between 7.5 and 8 eV is due to valencestate contributions. The principal Rydberg states identified, some of which are tentative given the low level of signal intensity above 10 eV, are shown in Table IV .
When the calculated excitation energy from different MOs into pairs of Rydberg states with the same upper state ., nS, nP, nD, or nF) are compared, then we get an independent measure of the difference in energy of the bound MOs, as discussed in Sec. III B 1. For example, the 4a 3S and 3a 3S states have an energy difference of 0.66 eV. Although some exceptions occur, there is a relatively good linear correlation (R 2 = 0.961) between the two sets of data involving the 4a and 3a MOs, with E 4a = [0.89(6)E 3a + 0.46(58)] eV. The median energy difference for excitations to a common upper state from these two MOs is 0.60 eV. This is relatively close to the IE A "fit" data and direct calculation of the differences in adiabatic IE, as discussed above, and is a further indication of internal consistency in the results obtained here.
VII. CONCLUSIONS
The VUV spectrum of 1-methyl-1,2,4-triazole shows a number of unusual features. The VUV onset region shows a near plateau in cross section between 6 and 7 eV, and has been analyzed in terms of four valence states, notionally two ππ* and two LP N , but it seems clear from the theoretical studies of singlet excited states that some of the lowest ππ* states become non-planar. The vertical excited Rydberg state calculations suggest that a dense packing of such states occurs in the 8-9 eV energy region; several relating to the first, second, and fourth ionization processes have been identified. The failure to identify Rydberg states derived from IE 3 must be related to the broad Gaussian band attributed to this ionization. IE 4 has a simple well-defined structure, which makes spectral identification relatively straightforward. The improvements in the UV photoelectron spectra quality obtained here for both 1H124T and 1Me124T are critical for the assignment of these Rydberg states. Most of the calculated Rydberg states are predicted to have very low oscillator strengths, and the VUV spectrum appears to be more dominated by valence states.
In these states, the methyl group tilts from the ring plane, but the ring H-C bonds seem equally prone to rotation out of plane. This contrasts with the first lone-pair excitation, 18a 5a (1 1 A ), where the planar form seems certain. The linear combinations of lone-pairs have an energy separation of about 1.5 eV, and while the lowest state (dominated by LP N4 ) shows no vibrational structure, the higher energy state (dominated by LP N2 ) appears to show two or more vibrational modes. In both the singlet and cationic manifolds, nonplanarity is a major issue. Although the global equilibrium structure for the first cation is effectively planar, the second ionization shows significant twisting of the ring system. The conventional wisdom [51] [52] [53] [54] from most studies of conjugated "aromatic molecules" such as the azines and azoles, is that the cations observed in the UPS are planar as a result of the "aromatic" character. In the light of the present study of 1Me124T and previously 2H123T, 3 reconsideration of this point may be well rewarded. 
